Glass sheets covered with aligned electrospun silk fibroin (Bombyx mori) were compared to tissue culture-treated Thermanox ® coverslips, using an organotypic culture method. Different chick embryo organ behaviours were analysed in terms of circularity, cell growth and cell adhesion after being cultivated in contact with these two materials. The circularity (cell layer shape corresponding to the trend of the biomaterials to induce a specific directionality) depends on the organ used when in contact with silk fibroin. This biomaterial induced higher cell adhesion (kidney) or lower cell adhesion (spine) compared to Thermanox. Cell growth, represented by the cell layer area (mm 2 ), was also drastically reduced (gonad) or increased (blood vessel) on the silk fibroin. Organotypic culture is a rapid, cost effective and relatively simple method to evaluate different parameters, allowing prescreening of morphology and cytocompatibility to select the appropriate applications for new biomaterials. In the present study we compared the morphology of different organotypic cultures on orientated silk and Thermanox as growth supports to rapidly evaluate the benefit of a silk-based biomaterial for tissue engineering.
Introduction
Organotypic culture, promoted by Wolff and Haffen (1952) , has been widely used to assess the biocompatibility of various biomaterials (Sigot-Luizard et al., 1986; Duval et al. 1988 Duval et al. , 1992 Duval et al. , 2006 Demangel et al., 2012; Brunot-Gohin et al., 2013) . This method allows rapid estimates of primary cell layer parameters such as adhesion, growth, proliferation and morphology, therefore helping to select biomaterials as a function of their capacities in enhancing these features. These systems are also used to evaluate the behaviour of different organs in silicone microchannel co-cultures (Leclerc et al., 2007 (Leclerc et al., , 2009 . As an example, an intraocular implant requires different cell behaviour than vascular or dental prostheses. Since the late 1980s, grooved materials have been known to influence cell alignment (von Recum and van Kooten 1995; Vernon et al., 2005; Lamers et al., 2012) . Among the variety of materials tested, silk fibroin is increasingly being recognized as a promising biomaterial because of its qualities (natural origin, biocompatibility, biodegradability) for tissue engineering. There are three source materials for silks for these applications: the domestic silkworm (Bombyx mori) (Minoura et al., 1995 , Soffer et al., 2008 ; spiders (Gellynck et al., 2008) ; and ants and bees (Siri and Maensiri, 2010; Wittmer et al., 2011) . The ease of processing, biocompatibility, remarkable mechanical properties and tailorable degradability of silk fibroin has been explored for the fabrication of various materials, such as films, porous matrices, hydrogels and non-woven mats, among others, and the material has been investigated for use in various tissue-engineering applications, including bone, tendon, ligament, cartilage, skin, liver, trachea, nerve, cornea, eardrum, tooth, bladder and kidney (Min et al., 2004; Soffer et al., 2008; Kim et al., 2009; Murphy and Kaplan, 2009; Subramanian et al. 2010; Bora, 2012, 2013; Liu et al., 2012; Vidal et al., 2013a) .
Silk materials can also be functionalized using bioactive molecules by different techniques. Functionalized biomaterials with bioactive molecules promote cell attachment, growth and differentiation in order to regulate tissue formation, regeneration or remodelling. For example, growth factors and cytokines can be covalently linked to silk, such as RGD peptide, for bone formation (Sofia et al., 2001) , non-covalent interactions with nerve growth factors (NGFs) for nerve regeneration (Uebersax et al., 2007) or epidermal growth factor (EGF) for accelerating wound healing (Schneider et al., 2009) . Silk has also been used as a functionalized biomaterial to enhance cell adhesion on titanium (Vidal et al., 2013b) . The electrospinning of silk fibres allows the preparation of aligned fibres (Wittmer et al., 2012) , providing guidance for the directionality of contact cell growth.
Among the different histological families, we chose organs as a function of migration capacity or not (Sigot-Luizard and Sigot, 1977) , and their applications' interest as small calibre vascular prosthesis, artificial liver, cornea, etc.
The aim of the present study was to study silk biomaterial as a growth substrate for various embryonic organs to compare cell morphology, adhesion, growth and alignment, to maintain the in vivo complexity of these tissues.
Materials and methods

Materials
For glass sheets covered with silk fibroin, silk fibroin proteins were extracted from B. mori cocoons to obtain 8% w/v silk fibroin solution by dialysis in salt solution, then electrospun at 12 kV to generate aligned nanofibres (alignment 98%). Before spinning, the silk fibroin aqueous solutions were blended with 5% w/v polyethylene oxide in the volume ratio 1:4 to improve fibre spinning, increasing the viscosity of the solution. An oscillating collector was used to align the silk nanofibres, using a mandrel (rotation speed 9.5 m/s). This material was compared for cell responses to tissue culture plastic (Thermanox ® , Nunc ® , batch no. 628934).
Methods
Organotypic culture
Organotypic culture method (Figure 1 ) was used to examine cell responses to the silk fibres. Culture dishes were pretreated with nutrient medium consisting of 50% Bactoagar 1% (Difco, Fisher, France) in Gey's solution, 38.5% Dulbecco's modified Eagle's medium (DMEM; Gibco, Invitrogen, Cergy Pontoise, France), 10% fetal calf serum (FCS; Gibco, Invitrogen, Cergy Pontoise, France), 1% L-glutamine (Gibco) and 0.15% penicillin-streptomycin solution (Gibco). Organs were isolated from 14 day-old White Leghorn chicken eggs and placed in sterile PBS. The tissues were cut into 1 mm 2 pieces and placed onto the bottom of 70 cm 2 Petri dishes (Dominique Dutscher, Brumath, France). Twelve tissue fragments were placed in each Petri dish and a 1 cm 2 piece of electrospun silk material was deposited on each of these fragments. The chick embryo organs were: kidney, liver, intestine, gonad, cornea, brain, gizzard, spine, lung and blood vessel.
Cytocompatibility
The cultures were incubated at 37°C with 5% CO 2 for 7 days, after which the materials were removed and stained with neutral red. Next, the total surface area covered by tissue was measured using a stereomicroscope equipped with camera and ImageJ software (Abramoff et al., 2004) . This area corresponded to the total surface of the cell layer minus the initial explant surface. Additionally, the cells were detached from the materials using 0.025% trypsin-EDTA (Gibco) in Isoton II electrolyte solution (Beckman Coulter, Villepinte, France).
The rate of cell detachment was determined by counting the detached cells with a Multisizer (Beckman Coulter, Villepinte, France) after 5, 10, 20, 30 and 60 min. The rate of detachment as a function of time was used as a measure of adhesion strength, and we defined an arbitrary index.
Circularity measurement
After 7 days of culture and before removing cells from the materials, the circularity of the cell layers was measured, using ImageJ software on images collected from the stereomicroscope. The images were then opened with ImageJ software and were thresholded. The cell layers were highlighted on the image and the circularity value recorded. Circularity of 0 indicated an elongated polygon, whereas 1 was a perfect circle ( Figure 5 ).
Scanning electron microscopy analysis
Two pieces of each organ on each material were rinsed in phosphate-buffered saline (PBS), fixed in 3% glutaraldehyde in Rembaum buffer, pH 7.4 (Rajaraman et al., 1974) for 1 h, dehydrated in a series of graded alcohols, critical point-dried from CO 2 (Polaron Instrument, Nottingham, UK), sputter-coated with gold (Polaron) and examined in an environmental scanning electron microscope (XL 30-ESEM ® FEG, Philips, Eindhoven, The Netherlands).
Statistical analysis
All data are represented as mean ± standard error. The data were compared using a one-way ANOVA, followed by a Tukey-Kramer multiple comparisons test (GraphPad InStat 3.01), thereby comparing silk fibroin and control samples of Thermanox; p < 0.001 was considered to be statistically significant.
Results
The results are summarized in Table 1 . Three main parameters were used to distinguish cell behaviour cultivated ), which is the surface of the migration area from the initial explant after culture on the material; and (c) cell adhesion (arbitrary units), which is assessed as the kinetics of cell detachment over time. Figure 2 shows the influence of the alignment of the fibres by measuring the differences between the circularity of the cell layers cultured on Thermanox compared to those cultured on silk fibroin. The circularities of the cell layers on Thermanox are estimated at ca. 0.9 and no significant differences were observed, regardless of the organ. Nevertheless, the shapes of the different cell layers cultured on silk fibroin showed values increasing from 0.264 (kidney) to 0.641 (blood vessel). These last results are significantly (p < 0.001) different when compared to culture on Thermanox.
Before trypsinization of the cell layers, areas were assessed with ImageJ (Figure 3) . The cell layer areas of Figure 2 . Circularity of the cell layers grown on Thermanox (white) and silk fibroin (black). The results are mean ± SD of 10 measurements (n = 10); ***p < 0.001 significantly different to Thermanox Figure 3 . Cell growth assessment (mm 2 ) of the organs on Thermanox (white) and silk fibroin (black). The results are mean ± SD of 10 measurements (n = 10); ***p < 0.001 significantly different to Thermanox the different organs were correlated with the ability of the cells to migrate on the biomaterial. No significant differences between the cell layer areas were found, except for gonad, known for its cell migration potential (Sigot-Luizard and Sigot, 1977) , which presents a significant difference in its migration behaviour between Thermanox and silk fibroin. The aligned silk fibroin did not significantly modify the migration behaviour of the chick embryo organs under our culture conditions. After cell dissociation and counting, the cell adhesion parameter was estimated, using an arbitrary index inversely proportional to the cell detachment kinetics (ratio of cells detached by enzymatic treatment as a function of time). Interestingly, Figure 4 shows significant results for cell adhesion between organs and materials. Silk fibroin significantly enhanced cell adhesion compared to Thermanox for all organs. The most important difference between cell adhesion provided by silk fibroin compared to Thermanox was observed for the kidney and gonad. This correlated with migration decreasing (Figure 3 ) on these two organs. Comparatively, the intestine presented no significant difference for cell adhesion between silk fibroin and Thermanox.
The morphological differences in the cell behaviour observed for chick embryo organs in term of circularity, light and scanning electron microscopy are shown in Figures 5 and 6. Figure 5 demonstrates the modifications on the four selected examples (kidney, gonad, lung and blood vessel) of cell layer shapes on silk fibroin compared to Thermanox. These results correlate with the circularity measurements previously described. Scanning electron microscopy images (Figure 6 ) show kidney cells (Figure 6, 1a, b) with larger cell shapes on silk fibres compared to Thermanox, which correlates with the higher adhesion provided by silk fibroin. The shape of gonad cells (Figure 6, 2a, b) was different when grown on Thermanox compared to aligned silk fibres, showing a large square region in the first case but elongated in the direction of the fibres on the second. This behaviour is due to the adhesion of these cells on the silk fibres, associated with decreased migration. This result is comparable to lung cells (Figure 6, 3a, b ) which showed greater cell adhesion on the silk fibres. The vascular cells (Figure 6, 4a, b) were not influenced by the silk fibres compared to Thermanox, providing a good compromise between migration and adhesion, a compromise which is important for small vessel reconstruction and re-endothelialization (Sgarioto et al., 2012; Almelkar et al., 2013) .
Discussion and conclusions
The organotypic culture technique is a preclinical step which allows rapid assessment of the behaviour of different organs in contact with biomaterials. This technique does not have high costs, such as dissociated cell culture, and provides an advantage in evaluating a lot of different organs at the same time, while the cell culture technique needs specific and expensive strains.
The three parts of Table 1 , ranked in ascending order of the different parameters, show that each organ is different in terms of cell growth and cell adhesion properties. Depending on the role of the biomaterial toward cells and tissues after implantation, it is interesting to predict the behaviour of cells by a simple and rapid culture technique. Moreover, this approach will help researchers to select biomaterials that promote cell growth or cell adhesion, depending on the specific application.
This test allows quick comparisons among biomaterials for organs. Intraocular biomaterials require little or no reaction from the surrounding cells. An orthopaedic biomaterial promotes adhesion of bone cells without promoting growth. Vascular biomaterials have the mission of promoting both growth and adhesion of endothelial cells to restore blood haemocompatibility and the mechanical properties of small-calibre vessels and avoid stenosis by the accumulation of platelets.
Furthermore, our technique, by calculating circularity, allows insight into how the organized microstructure of a material can guide the growth of an organ with respect to a smooth control (Thermanox). This parameter is added to the growth parameters and cell adhesion features that have been more classically studied. Many kinds of silk scaffold have been studied as films, hydrogels, microspheres, sponges and electrospun fibres (Murphy and Kaplan, 2009; Vidal et al., 2013b) and the circularity parameter allows predictions of the most suitable applications.
In our technique we cultivated vertebral cartilage of chick embryos and the results showed growth increasing and a lower circularity on silk fibres compared to Thermanox, as confirmed recently by the literature (Bhattacharjee et al., 2012) . Indeed, chondrocytes were isolated from human nasal cartilage to test orientated lamellar silk fibrous scaffolds. In the article, in vitro culture of human nasal chondrocytes on these aligned, concentric lamellar silk scaffolds allowed the engineering of a tissue in which cells were aligned along silk fibres with deposition of an orientated cartilaginous matrix, resembling the organization of native annulus fibrosus. It was concluded that silk fibroin scaffolds with fibre orientation in lamellar forms represent a suitable substrate for tissue engineering of the annulus fibrosus of the intervertebral disc.
Our results on chick embryo gizzard (muscle cells), and vascular tissue (endothelial cells) showed increased cell adhesion on silk fibres compared to Thermanox. As shown by Soffer et al. (2008) , human endothelial cells and smooth muscle cells were successfully cultured on electrospun silk, demonstrating the potential utility of these scaffolds for vascular grafts, due to the combination of impressive mechanical properties and biological compatibility. Liver shows increasing cell adhesion on silk fibroin compared to Thermanox. Silk fibres have been studied in the presence of liver cells (Cirillo et al., 2004; Bora, 2012, 2013) . These results suggest that silk fibres are a suitable substratum for liver cell attachment and culture, and a potential alternative to collagen as a biomimetic coating.
In conclusion, we evaluated more than 10 different organs from various embryonic origins and cell types. Our results for specific tissues (bone, liver) confirm previous cell culture in vitro studies. Because the organotypic culture method is a rapid technique using several organs from chick embryos at the same time, and at different stages of incubation, it allows the researcher to assess quickly the initial biocompatibility of various biomaterials. This assessment can be tailored to the targeted application, based on cell morphology, cell orientation, cell growth and cell adhesion. Our results confirm that whatever the organ used, silk fibres are a suitable biomaterial for tissue engineering. Moreover, the ease and low cost of this technique suggest this would be a good prescreening test to select a biomaterial for a special application.
